This work was to isolate and identify the bioactive secondary metabolite which was produced by myxobacterium Stigmatella eracta WXNXJ-B, and to evaluate its antitumor and apoptosis-inducing effects. The results showed that one novel compound (molecular formula C 29 H 25 NO 3 ) was isolated, purified by Sephadex LH-20 column chromatography and preparative RP-HPLC, and identified as 5-(6-benzyl-quinolin-3-ylmethyl)-6-phenyl-3,7-dioxa-bicycle [4.1.0] heptan-3-one (named as quinoxalone) according to its UV, IR, HRMS and NMR spectra. The compound showed strong antitumor activity on B16, HepG2, MCF-7, SGC-7901, MDA-MB231 and CT-26 six tumor cell lines in-vitro. Nevertheless, it showed less cytotoxic to the mouse normal spleen cells (IC 50 was 836.27 ± 13.02 µg mL -1 ). The cytotoxic study on HepG2 cells in-vitro showed that quinoxalone could induce the change of cell nuclear and arrested the cell division in the S and G2/M phase. Our results suggest that quinoxalone could be a potential anti-cancer agent.
Introduction
Myxobacteria are gram-negative unicellular rod shaped bacteria with suitable culture pH between 5.0 and 8.0. They can be frequently isolated from soil, dung of herbivorous animals and other decaying organic material (28, 29) . They are common but unusual bacteria characterized by gliding behavior and forming fruiting body, and not obtained by the routine method used in culturing bacteria due to their complicated life cycle (1). They can produce a wide variety of secondary metabolites which often show high pharmacological or anti-fungicidal activity, such as quinoids, alkaloids and polyenic compounds, etc (26). The first myxobacterial antibiotic, ambruticin, was isolated from Polyangium cellulosum in 1977 (4). Then, the structure of myxothiazol was firstly reported by Gerth et al. (10) . With the past thirty years, myxobacteria had increasingly gained attention as producers of natural products with biological activity (11). Ixabepilone, one epothilone derived from Sorangium cellulosum, shows good water solubility and can be produced by fermentation (16, 19) . So, it was approved in 2007 by the FDA for use in the treatment of aggressive metastatic or advanced breast cancer (6, 12) . Due to their extraordinary ability to produce novel classes of secondary metabolites, to 7.2 by the addition of 1 mol l -1 HCl or 1 mol l -1 NaOH. S. eracta WXNXJ-B was grown on CY medium at 30 o C for 5 days, then inoculated in seed medium for flask culture at 30 o C with shaking at 150 rev min -1 . After 2 days, the seed broth was transferred to fermentation medium and fermented at 30 o C with shaking at 150 rev min -1 for 7 days.
Isolation and purification of quinoxalone
At the end of the fermentation, the XAD-16 adsorbent resins were separated by sieving and rinsed with water to remove cells and fermentation broth. The resins were extracted with methanol at room temperature for 12 h. The extract was concentrated at 45 o C and further purified by partition between water and chloroform. The chloroform extract was concentrated at 45 o C and followed by chromatography using a Sephadex LH-20 column (10 μm ×12 mm ×400 mm, with a gradient of 20-100% (v/v) methanol at flow rate 1.5 mL min -1 ). The fraction eluted with 90% methanol was purified using a preparative RP-HPLC (Waters 510, USA) with a C 18 column (Sephax, USA, 5.0 μm ×10 mm×150 mm, with mobile phase 80% (v/v) methanol at flow rate 3 mL min -1 ). The antitumor activities of different fractions were evaluated with HepG2 tumor cell line using MTT method (33). Quinoxalone which showed the strongest antitumor bioactivity was obtained.
Structural elucidation of quinoxalone UV spectrum was recorded on an Ubest-50 UV/VIS spectrophotometer (Jasco, Japan). FT-IR spectrum in KBr was recorded on a Nicolet Nexus 470 infrared spectrometer (Thermo, USA). The high-resolution MS (HRMS) was obtained by MALDI-Q-TOF (Waters, USA) in the positive ESI mode and the spectral data were processed by MassLynx 4.1 software (Waters). 
Evaluation of quinoxalone in-vitro (MTT assay)
B16, CT-26, HepG2, DMA-MB231, MCF-7, SGC-7901 and mouse spleen cells were used myxobacteria represent a very promising source for the discovery of new lead structures and novel natural products (10, 32) .
In continuing effort to find novel bioactive metabolites from myxobacteria, the researchers in our lab obtained five myxobacteria which showed strong antitumor bioactivity in-vitro (14), and they isolated and identified a novel antitumor metabolite, phoxalone, from the fermentation broth of S.cellulosum WXNXJ-C (13). In addition, we had reported that the metabolites from S.eracta WXNXJ-B showed high antitumor bioactivity in-vitro, but the bioactive substance was not isolated and identified (31). The objective of this study is to isolate, identify the antitumor bioactive substance from the fermentation broth of S.eracta WXNXJ-B, evaluate its bioactivity on different cell lines, and explore apoptosis-inducing effects on HepG2 tumor cell line in-vitro.
Experimental

Microorganism and cell lines
The strain myxobacteria Stigmatella eracta WXNXJ-B was used throughout the study. HepG2 human liver carcinoma cell line, B16 mouse melanoma cell line, CT-26 murine colon carcinoma cell line MDA-MB231 and MCF-7 human breast cancer cell line, SGC-7901 gastric carcinoma tumor cell line and mouse spleen cells were provided by college of Medicine and Pharmaceutics, Jiangnan University, China. All cells were cultured in RPMI-1640 medium (Gibco, USA) with 10% inactivated fetal bovine serum (Gibco, USA), streptomycin (100 µg mL ) at 37 o C in a 5% CO 2 incubator. Epothilone B and Paclitaxel were purchased from Sigma-Aldrich Co.
Culture conditions
Medium for slant was CY medium as described by Guo et al. (2007) 
Cell cycle analysis
The DNA and the proportion of HepG2 cells treated with quinoxalone in different phases were analyzed with flow cytometer (5, 20). HepG2 cells which were treated with different concentration quinoxalone were harvested by centrifugation, and then fixed with cold 75% ethanol for 24 h. The cells were washed with phosphate buffered saline (PBS), and then stained with PI solution (10 mg mL -1 RNase A, 50 mg ML -1 PI, and 0.1% Triton X-100). After incubated for 1 h at 4 °C in the dark, cells were measured in the FACScan flow cytometer, and the data were analyzed using Cellfit Analysis Software.
Fluorescence microscope observation of HepG2 cells
To observe the change in nuclear structure, HepG2 cells were plated onto glass cover slips in 6-well plates and treated with 0 and 5 µg mL -1 quinoxalone for 48 h. Then, cells were washed twice with PBS, fixed with 1% glutaraldehyde, stained with Hoechst 33342 (Sigma, USA) for 15 min at room temperature (25). Nuclear morphology was examined by fluorescence microscope (Olympus, Tokyo, Japan).
Statistical analysis
Data were represented as mean ± SD. Statistical differences were determined by Student's t-test. Samples with p-values of p < 0.05 were considered statistically different.
Results
Structure identification of quinoxalone
After isolation and purification, a brownishred compound was obtained. The molecular formula of the compound was determined to be C 29 H 25 NO 3 by combined UV, IR, HRMS and NMR spectrometry. The major physical and analytic properties of the compound were summarized as below: UV (in methanol) λ max 253 and 339 nm; IR (KBr) 3050, 2958, 2927, 1730, 1639, 1534, 1454, 1395, 1235, 1103, 789, 742 (Fig.S5) ; HREIMS m/z 436.1758 (calcd for C 29 H 25 NO 3 , 435.1864). The structure of compound was depicted by analyzing above spectrum data (Figure 1 ). According to the physical and analytic properties, the new compound was [1R, 6R]-5-(6-benzyl-quinolin-3-ylmethyl)-6-phenyl-3, 7-dioxa-bicycle [4.1.0] heptan-4-one and it was named as quinoxalone.
According to the handbook of organic chemical analysis and spectrum, the characteristic peak at 253 nm and 339 nm indicated phenyl group and lactone ring, respectively. The HREIMS spectrum of quinoxalone showed protonated molecular ion [M+H] + at m/z 436.1942, while the calculated molecular weight was 436.1738 Da. The HREIMS spectrum revealed that the molecular weight of the compound was 435.1864 and the molecular formula C 29 H 25 NO 3 . The IR spectrum showed absorptions for phenyl ring (1534, 1454, 789, 742, 701 cm 
Antitumor evaluation of quinoxalone on cell lines in-vitro
B16, CT-26, HepG2, DMA-MB231, MCF-7 and SGC-7901 tumor cell lines were used to evaluate the antitumor effects of quinoxalone invitro. As we can see from Table 1 , quinoxalone showed strong antitumor bioactivity to the above six cell lines after treating the cells with it at various time. The IC 50 values indicated that quinoxalone has the higher inhibition ability to CT-26 (IC 50 2.12 ± 0.19 µg mL -1 ) and B16 (IC 50 2.23 ± 0.14 µg mL -1 ) for 48 h, followed by HepG2 (IC 50 2.41±0.32 µg mL -1 ) and DMA-MB231 (IC 50 3.08 ± 0.21 µg mL -1 ). It showed lower cytotoxicity to SGC7901 and MCF-7 cell lines. Compared with the reported antitumor drugs, Paclitaxel and Epothilone B, the antitumor bioactivities of quinoxalone on MCF-7, B16 and HepG2 cell lines were less than those of Epothilone B and Paclitaxel invitro. The influence on the growth of mouse spleen cells by quinoxalone was checked. The proliferation of mouse normal spleen cells was slightly influenced at the low dose. The growth of cells treated with the higher concentration was significantly inhibited and IC 50 was 836.27 ± 13.02 µg mL -1 . So, quinoxalone showed Significant differences with control were designated as * P < 0.05 and **P < 0.01. 
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relative safety to the mouse normal spleen cells. The results indicated that quinoxalone could selectively kill the cells and induced tumor cell to die in all probability by apoptosis manner. When HepG2 cells were treated with various concentration of quinoxalone and various treating time, the growth of cells was significantly inhibited at dose-and timedependent manner, as shown in Figure 2 and Figure 3 . When the concentration was under 10 µg mL -1 , the change of inhibition rate was obvious as the concentration increase of quinoxalone. Compared to the control, significant decrease of the amount of HepG2 cells treated with quinoxalone (5 and 10 µg mL -1 ) for 48 h was observed. Furthermore, the cell treated for 48 h began to have poorly adherence to the culture flask. The change of inhibition rate was slight as the concentration increase of quinoxalone when the dose was above 10 µg mL -1 . The IC 50 on HepG2 cells was 13.8 ± 0.45 µg mL -1 after treating for 24 h, but the IC 50 were 2.41 ± 0.32 and 2.09 ± 0.35 µg mL -1 after treating for 48 h and 72 h, respectively. The treating effects for 48 h and 72 h were similar. So, the results suggested that the best treating time was 48 h.
Morphological analysis of cell character observed by inverted microscope showed that HepG2 cells treated with 5 µg mL -1 quinoxalone started to change their shape (they shrunk and started to round up) and the total amount of living cells was distinctly less than those of the control. Moreover, large number of dead cells was suspended in the culture medium. With higher concentration of quinoxalone, cell shrinkage and blebbing on cell membrane could be observed by scanning electron microscope. These alterations were even more expressed following 24 h treatment (data not shown). At the same time (48 h treatment), we also noticed changes in nuclear morphology on HepG2 cells under a fluorescence microscope (Figure 4) . The results showed that the cells had nuclear shrinkage and condensed chromatin of nucleus ( Figure 4B ).
Effect of quinoxalone on cell cycle of HepG2 cells
Apoptosis of HepG2 cells could be induced by quinoxalone using the PI staining method. After HepG2 cells treated with quinoxalone (at dose of 0, 2.5, 5 and 10 µg mL -1 ) for 48 h, the total amount of cells in the subsequent cell cycle phases differed from those of the control. Figure 5 showed that 80.9% cells treated without quinoxalone were in the G0/G1 phase, but 24.2% cells treated with 10 µg mL -1 quinoxalone were in the G0/G1 phase. But, compared with the control, the total amount of cells treated with 10 µg mL -1 quinoxalone in S phase significantly elevated from 15.4% to 53.6% and from 3.8% to 22.2% in G2/M phase. Moreover, the number of ; C: 10 µg mL -1 cells in S and G2/M phase increased with a dosedependent manner. Because the most tumor cells were accumulated in S phase and in G2/M phase, HepG2 cells could not be duplicated, and finally led to die.
Discussion
Microbial metabolites are the most important chemotherapeutic agents for the cancer. They appeared around 1940 with the discovery of actinomycin and since then many anticancer compounds have been isolated from microorganisms (6). Myxobacteria have become known as multi-producers of natural bioactive products. In the past years, more than 100 new core structures plus approximately 500 derivatives have been described. Furthermore, some secondary metabolites are rarely produced by other sources (13). Up to now, epothilone has been used in the clinic, and many other metabolites have currently been evaluated in preclinical studies (32). Moreover, most substances derived or isolated from myxobacteria exhibited the direct action on the proliferation of the tumor cells at certain concentrations. Ambruticin, Epothilones, Spirodienal C and Phoxalone had been revealed to show the inhibition ability on the tumor cells proliferation by inducing the cell apoptosis. The ability to induce cell apoptosis is an important property of the candidate anticancer drugs (9).
Our previous results indicated that the metabolites from myxobacterium S.eracta WXNXJ-B showed strong bioactivity on some tumor cell lines in-vitro by MTT method, but the bioactive substance and mechanism was unclearly (31). In the present study, we showed a novel antitumor compound which was isolated from the culture broth of S. eracta WXNXJ-B, was able to significantly inhibit the growth of some tumor cell lines The compound, C 29 H 25 NO 3 , is identified according to UV, IR, HRMS and NMR spectra, and named as quinoxalone (Figure 1 Cancer is a disease characterized by uncontrolled cellular growth and apoptosis obstacle (2, 7). The inhibition of tumor cellular proliferation and induction of apoptosis are efficient methods for tumor therapy (20). So, induction of apoptosis in tumor cells is the target for many candidate antitumor drugs (25). Lin et al. reported that the lichenin from Cladonia furcata exhibited inhibition on HL-60 or K562 cells in concentration-dependent manner between 200 and 800 mg l -1 for 4-6 days (23). It was similar to our results, in this work we evaluated the cytotoxicity of quinoxalone in-vitro using the method of microculture MTT-tetrazolium. Our data demonstrated that quinoxalone exhibited significantly cytotoxic effects towards B16, HepG2, MCF-7, SGC-7901, MDA-MB231 and CT-26 tumor cell lines (Table 1) . The time course studies on HepG2 cells showed that quinoxalone at different concentrations for 24 h had slight inhibitory effect on the cell proliferation, whereas, at the same concentrations, the cell proliferation obviously decreased for 48 h and 72 h (Figure 2) . Moreover, the cell viability gradually decreased with the concentration increasing at same time course (Figure 3) . So, the results showed that quinoxalone was able to significantly inhibit cells proliferation with a time-and dose-dependent manner. In addition, quinoxalone have slight influence on normal mouse spleen cells at the same concentration applied on HepG2 tumor cells. The results suggested that the quinoxalone selectively killed tumor cells and normal cells. It can be concluded that quinoxalone killed tumor probably by apoptosis.
Apoptosis is a regulated process characterized by cell shrinkage, nuclear disintegration, selective degradation of DNA, and formation of apoptotic bodies with a relatively intact plasma membrane (30). Morphological changes in the cell shape and chromatin condensation are basic and the oldest criteria for identification of apoptotic cells (18). These changes are caused by activation of proteolytic enzymes, caspases, the central executioners of apoptosis (8). In this study, HepG2 cells treated with different concentration of quinoxalone showed the characteristics of apoptosis induction compared with the control, for example, apoptotic bodies, nuclear shrinkage and condensed chromatin (Figure 4) . The result confirmed that quinoxalone was able to induce cell apoptosis in HepG2 cells.
Mammalian cells have evolved a complex defence network to maintain genomic integrity by inhibiting the fixation of permanent damage. Cell-cycle check.
points prevent cells with damaged genomes from undergoing DNA replication or mitosis (17, 27) .Targeting cell cycle is an attractive approach for treatment of cancer. Many anticancer agents have been found to arrest cell cycle (19). For example, Paclitaxel induced G2/M phase arrest in human Saos-2 cells (3). Guo et al. reported that Phoxalone suppresses H446 cell line proliferation with cell cycle arrest in the G2/M phase (14). In this work, to determine if quinoxalone influences the cell cycle of HepG2 cells, we examined cell cycle phase distribution of the treated cells by flow cytometry. Our data clearly showed that in quinoxalone-treated HepG2 cells, the significant increase of S phase cells was accompanied by a decrease of G0/G1 phase cells and a little change of G2/M phase cells ( Figure 5 ). Thus, the blockage effect of quinoxalone occurred at the G1/S transitions, and the increase of cell numbers in S phase was clearly due to the decrease of cells in the G0/G1 phase. These results clearly suggested that quinoxalone affected cell proliferation by arresting cell cycle progression and inducing apoptosis. Furthermore, the apoptosis induced by quinoxalone was mediated via arresting cell cycle in S phase; that is to say, quinoxalone could induce apoptosis in a cell cycle-dependent manner. However, the detailed mechanism of this process has not yet been resolved. So, the further research on the molecular mechanisms of quinoxalone effecting on the cells' cycle is necessary.
In conclusion, we showed that a novel alkaloid was isolation and purified from the fermentation broth of myxobacterium S.eracta WXNXJ-B. Its chemical structure was elucidated and also named as quinoxalone. This is the first (27) report of this compound. It had a significant cytotoxic effect to tumor cells in-vitro and could induce apoptosis in HepG2 cells in a time and dose dependent manner. It mainly arrested the cell division in the S and G2/M phase by flow cytometery. But, the comprehensive mechanism of apoptosis needs further research in the future. This makes quinoxalone interesting for further investigations as a potential anti-cancer drug.
